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The energy wi th  which various nuc l e i ,  produced 
i n  a nuclear  r e a c t i o n , r e c o i l  depends dramat ica l ly  
on the  r eac t ion  mechanism which l eads  t o  t h e i r  pro- 
duction.  For example, t he  r e c o i l  energy ER(CN) of 
t he  compound nucleus formed a f t e r  capture  of a 
p r o j e c t i l e  wi th  k i n e t i c  energy Ep and of mass AP 
by t a r g e t  of mass At, given by ER(CN) = A p A T ~ p /  
(Ap + A ~ ) ~ ,  may be a s  much a s  a f a c t o r  of ten  l a r -  
ge r  than the  r e c o i l  energy of a nucleus produced 
by the  same p r o j e c t i l e  and t a r g e t  combination 
bu t  through a d i r e c t  r eac t ion  such a s  i n e l a s t i c  
s c a t t e r i n g  o r  t h e  l i k e .  Fur ther ,  n u c l e i  which a r e  
produced fol lowing nucleon evaporat ion from some 
heavier  nucleus must have the  r e c o i l i n g  charac ter -  
i s t i c s  which a r e  s i m i l a r  t o  t h a t  of t h e i r  parent  
nucleus,  except f o r  some modificat ion r e s u l t i n g  
from the  evaporat ion.  Thus s tudy of r e c o i l  ranges 
can g ive  an important c lue  towards t he  mechanism 
wi th  which var ious  n u c l e i  a r e  produced i n  an in-  
c lu s ive  r eac t ion .  
The experimental  method used i n  measuring the  
r e c o i l  ranges of  t he  r e s idua l  n u c l e i  is schemati- 
c a l l y  depicted i n  Fig.  1. I f  R i s  the  average range 
and O R  i s  the  average r e c o i l i n g  angle of t he  n u c l e i  
produced i n  t he  r eac t ions  induced by inc iden t  
protons i n  t he  t a r g e t ,  then only those  n u c l e i  
which a r e  produced i n  t he  l a s t  segment of t h e  
t a r g e t ,  R cos O r  i n  th ickness ,  w i l l  be a b l e  t o  g e t  
o u t  i n t o  t he  ca tcher  f o i l .  I f  i t  is assumed t h a t  
t he  nuc l e i  a r e  produced uniformly throughout t he  
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t a r g e t ,  a reasonable assumption f o r  t he  t a r g e t  th ick-  t he  corresponding compound nucleus ( r e f e r r ed  t o  
ness  of 1-3 mg/cm2 employed, then the  r a t i o  of t he  a s  RCN h e r e a f t e r ) .  For 80 MeV protons on 58~ i  
a c t i v i t y  measured i n  t he  ca tcher  t o  t he  t o t a l  qN (80 MeV) is equal  t o  370 vg/cm2 f o r  5 9 ~ u  and f o r  
a c t i v i t y  times the  t a r g e t  th ickness  T is a good 153 MeV protons on 6 2 ~ i  RCN (153 MeV) is equal  t o  
measure of t he  component of R along t h e  beam di rec-  600 ilg/cm2 f o r  6 3 ~ u .  Note (See Fig.  4) t h a t  is 
t i on .  These measurements have been made wi th  5 8 ~ i  c lose  t o  t he  va lues  of  observed ranges only f o r  t he  
t a r g e t s  a t  80, 153 .and 164 MeV and f o r  6 2 ~ i  a t  80, l i g h t e s t  of  t he  n u c l e i  a t  t h e  two energies .  The 
136, 153 and 164 MeV. The r e s u l t s  f o r  5 8~ i  a t  80 evaporat ion of  nucleons tends t o  s l i g h t l y  increase  
MeV and f o r  6 2 ~ i  a t  153 MeV a r e  i l l u s t r a t e d  i n  Figs.  2 t h e  r e c o i l  energy, on the  average, and t h e  r e c o i l  
and 3 r e spec t ive ly .  ranges. However, these  changes a r e  expected t o  be  
The observed ranges vary ,  almost l i n e a r l y ,  r e l a t i v e l y  small  and should no t  a f f e c t  t he  d iscuss ion  
from about 50 pg/cm2 f o r  n u c l e i  c lose  t o  t h e  t a r g e t  of these  r e s u l t s  s i g n i f i c a n t l y .  
mass t o  about 700 ilg/crn2 f o r  the  nucleus f a r t h e s t  From the  f a c t  t h a t  t h e  ranges of most n u c l e i  a r e  
from the  t a r g e t  a t  153 bombarding energy. A t  80 considerably l e s s  than RCN, i t  can be concluded t h a t  
MeV the  i nc rease  i n  t h e  observed ranges wi th  t h e  none of these  nuc l e i ,  except perhaps t he  l i g h t e s t  of 
number of nucleons removed from the  t a r g e t ,  AA is the  observed nuc l e i ,  were formed from the  decay of the  
s i m i l a r  though perhaps a l i t t l e  s lower f o r  l a r g e r  CN ( i . e .  t he  t a r g e t  + t he  p r o j e c t i l e ) .  The extremely 
values of AA. It 2 s  i n s t r u c t i v e  t o  compare t he  small  range of n u c l e i  nea r  the  t a r g e t  mass imply 
observed ranges f o r  each nucleus wi th  t he  range of 
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most of the incident  momentum and energy is 
taken away by the emitted p a r t i c l e s ,  a characteris-  
t i c  of the pre-equilibrium interact ions .  Increas- 
ing values of the r e c o i l  range with AA implies 
t h a t  the corresponding nucle i  a re  produced i n  events 
i n  which a progressively smaller f r ac t ion  of the  
incident energy is carr ied  out by the emitted 
pa r t i c l e s .  The p ic tu re  of the  proton-nucleus 
in teract ions  t h a t  emerges from the systematics 
energy deposited i n  the  nucleus a s  a consequence 
of the in te rac t ion .  From the  conservation of 
energy i t  is obvious t h a t  Ed r Ein - EoUt = 
E* + Q 2 10 AA. Here Q has been ignored i n  com- 
parison with E* and the l a t t e r  i s  equated t o  10 AA 
u t i l i z i n g  the  f a c t  t h a t  i t  takes 10 MeV of excita- 
t i o n  t o  evaporate one nucleon. The r e c o i l  range 
R is related3s4 t o  the  r e c o i l  energy ER as R = 
k ~ ~ ,  where k is a constant depending upon the  
of the observed ranges is  tha t  a s  the incident  proper t ies  of the  medium and the  exponent m is  
nucleon i n t e r a c t s  with the  t a r g e t  nucleons a number uni ty  f o r  ER l e s s  than about 1 MeV and decreases 
of res idual  nuc le i  A1, A1-1, -- (following the  t o  112 f o r  E greater  than 35 MeV. Thus, subst i -  
R 
emission of some of the nucleons involved i n  the  tu t ing  f o r  E one obtains t h a t  R % k ~ O ~ ( A A ) ~  o r  
in teract ion)  a re  l e f t  with a broad range of energy R % 10k AA s ince  m i s  c lose  t o  uni ty  f o r  r e c o i l  
deposited as a consequence of those nucleons which energies encountered i n  t h i s  study. It is in- 
a r e  not able  t o  escape from the nucleus. Most 
of the  f i n a l  products a r e  produced following 
evaporation of nucleons from these parent nuclei .  
Since i t  takes 10 MeV of exc i t a t ion  energy t o  eva- 
porate a nucleon, l i g h t e r  f i n a l  products a r e  
produced from successively higher exc i t a t ions  
of the  parent nuclei .  Further,  because evapora- 
t ion  does not  subs tan t i a l ly  change the  r e c o i l  
energies2 the  f i n a l  product nucle i ,  t he  daughters, 
s h a l l  be r eco i l ing  with the  same energy as  t h a t  
of the  parents.  
t e res t ing  t h a t  t h i s  simple p ic tu re  is ab le  t o  
p red ic t  the  observed l i n e a r  behavior of R with AA. 
A more quan t i t a t ive  accounting of the  observed 
ranges can be attempted i n  terms of the  r e c o i l  
energies of the  parent nucle i ,  At+l, At ,  At-1, -- 
a t  appropriate exc i t a t ion  energy, which leads  t o  the  
production of pa r t i cu la r  daughter nuc le i  of mass 
At+l-AA by using the  r e c o i l  energies and r e c o i l  
angles calculated i n  terms of the  cascade model.5 
The calculated ranges and t h e i r  projections along 
the  incident d i rec t ion  a r e  shown a s  s o l i d  and 
Semi-quantitatively speaking, assume t h a t  a dashed l i n e s ,  respectively,  i n  Figs. 2 and 3. 
product of m a s s  At-AA, where At is the  t a rge t  Though the  projected ranges given by t h e  model 
mass and AA is the  number of nucleons evaporated, a r e  consis tent ly  lower than the  observed ranges, 
is formed from a parent of mass Ap a t  an exc i t a t ion  t h e i r  magnitude and dependence with AA is not  very 
E*. Then t o  a good approximation, i n  analogy with f a r  from r e a l i t y .  It i s  hoped t h a t  when the  kick 
the  capture react ions ,  i t s  r e c o i l  energy ER is given by the  evaporation is taken i n t o  account 
equal t o  Cb , where Ed is  the  
(Ap + At) 
t h a t  the  remaining discrepancy may a l so  
-122- 
disappear.  
S l i g h t  disagreement not  withstanding,  i t  is 
very impressive t h a t  from the  magnitudes and t rends  
of  measured ranges wi th  AA one can conclude (a) t h a t  
a l l  f i n a l  products  a r e  produced a s  a consequence 
of a few quasi-free i n t e r a c t i o n s  among t h e  inc ident  
nucleon and the  t a r g e t  nucleons and (b) t h a t  pro- 
duct  n u c l e i  which a r e  many nucleons removed from 
the  n u c l e i  t h a t  a r e  a c t u a l l y  produced i n  t he  pre- 
equi l ibr ium phase remember t h e i r  parentage a t  l e a s t  
i n  so  f a r  a s  t h e i r  r e c o i l  energies  a r e  concerned. 
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